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Abstract 
The duplex stainless steel is two-phase steel with the structure composed of austenite and ferrite with 
optimum  austenite/ferrite  proportion  50%.  At  present,  classical  arc  processes  for  welding  duplex  steels  are 
generally regarded as acceptable. On the other hand electron and laser beam welding is up to now considered 
less  suitable  for  welding  duplex  steels.  The  submitted  work  presents  the  results  of  testing  various  thermal 
conditions  at  welding  duplex  stainless  steel  with  electron  beam.  It  was  shown,  that  application  of  suitable 
postheat made possible to reduce the ferrite content in weld metal. 
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1. Introduction 
Duplex stainless steels are based on the Fe-Cr-
Ni-N  alloy  system.  The  chemical  compositions  of 
these  steels  have  been  adjusted  such  that  the  base 
metal microstructure consists of nominally 50% ferrite 
and 50% austenite. All duplex stainless steels solidify 
as virtually 100% ferrite. Depending on composition 
the ferrite phase is stable over soma range of elevated 
temperature  before  it  falls  bellow  the  ferrite  solvus 
temperature  and  transformation  to  austenite  begins. 
The nature of the ferrite-to-austenite transformation is 
dependent on both composition and cooling rate. It is 
this transformation that determines the ultimate ferrite-
austenite  balance  and  austenite  distribution  in  weld 
metal. When transformation to austenite begins bellow 
the ferrite solvus austenite first forms along the ferrite 
grain  boundaries.  This  occurs  by  a  nucleation  and 
growth  process  and  usually  results  in  complete 
coverage of the ferrite grain boundaries by austenite. 
Additional austenite may form as Widmanstätten side 
plates  off  the  grain  boundary  austenite,  or 
intragranularly within the ferrite grains.  
Application  of  classical  arc  processes  for 
welding duplex steels was studied by more authors [1-
3]  and  these  methods  are  well  mastered  at  present. 
However, the electron and laser beam welding is up to  
now  considered  less  suitable  for  welding  duplex 
steels [4]. The main reason for this experience is a low 
heat input and the related high cooling rate of  weld 
metal, which is a general characteristic in case of beam 
technologies.  One  of  possibilities  how  to  overcome 
this  feature  of  electron  beam,  which  seems  to  be 
detrimental  in  this  case,  is  a  simultaneous  or 
subsequent  increase  of  the  heat  input  volume 
introduced to the weld joint. 
The aim of this paper is to present the results of 
modelling  thermal  conditions  at  welding  duplex 
stainless steel with electron beam. We supposed that 
the heat input volume during welding process would 
affect the rate and time of cooling down of weld metal 
of  duplex  steel  and  thus  also  the  diffusion 
transformation  from  ferrite  to  austenite  resulting  in 
change of volume proportion in ferrite/austenite phase 
in the weld metal.  
 
2. Experimental material and program 
    of experiments 
All experiments were performed on specimens 
prepared  of  duplex  stainless  steel  type  Sandvik 
SANMAC SAF 2205. The chemical composition and 
mechanical  properties  of  the  used  steel  are  given  in 
Tables 1 and 2. 
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Tab. 1 
Chemical composition of SANMAC SAF 2205 steel 
Chem. 
composition  C  Si  Mn  P  S  Cr  Ni  Mo 
(wt %)  0.017  0.47  0.79  0.021  0.001  22.17  5.27  3.17 
 
Tab.2               
Mechanical properties of SANMAC SAF 2205 steel at temperature of  20 ˚C 
Rp0.2
 
(MPa) 
min 
Rp1.0
 
(MPa) 
Min 
UTS 
Rm (MPa) 
A2 
(%) 
min 
Hardness 
(HRC) 
max 
450  500  680 - 880  25  28 
 
 
The  specimens  were  welded  with  electron 
beam  without  filler  metal  addition.  Just  in  case  of 
specimen  No.  8  a  ring  of  rolled  sheet  0.5  mm  in 
thickness made of austenitic Cr-Ni steel type 17240 
was used, which was inserted between the two base 
metals. This filler metal seemed to be useful due to 
increasing the proportion of austenite to ferrite in weld 
metal.  Higher  %  Ni  (austenite-forming  element) 
should affect the increase in austenite volume.     
13 tests pieces in total were fabricated by use 
of electron beam welding technology. The specimens 
were in form of tube with 5 mm wall thickness, outer 
diameter  was  63mm  and  the  inner  diameter  was 
53mm. A circumferential joint with a rotary shift was 
fabricated on the tube. 
The  technology  of  weld  fabrication  was  as 
follows: 
•  specimens No. 0-4 were fabricated without postheat 
application. 
•  specimens No. 5,6,7,9,10,11,12 were fabricated with 
postheat application.  
•  specimen No. 8 was the only fabricated with use of 
an  inserted  ring  made  of  17 240  steel  without 
postheat application.  
A  full  penetration  was  achieved  already  at 
beam current setting to value of 28.8mA and focusing 
on the base metal surface – 470mA (specimen 0). For 
comparison of suitability of parameters the specimens 
were  fabricated  also  at  a  higher  current  of  electron 
beam and with defocused beam (specimen No. 1 and 
2). With specimens No. 3 and 4, the focussing was 
again  set  on  the  base  metal  surface,  higher  current 
value was used (specimen No. 3 – 38,8 mA, specimen 
No.  4  –  48,8  mA)  and  at  same  time  also  beam 
oscillation with   21Hz frequency and 2V amplitude 
was applied in case of specimen No. 3 and 4V in case 
of  specimen  No.  4.  In  case  of  other  specimens  the 
same parameters + postheat were applied.  
The used welding parameters are given in the 
following tab. 3. 
 
Postheat  
The postheat was realised by a combination of 
defocusing  (defocusing  current)  and  oscillation  of 
electron  beam  with  a  certain  swap  –  generation  of 
alternating  course  set  on  generator  with  subsequent 
cooling down in vacuum. A two channel generator of 
sine/cosine course was used.  
–  electron beam current: 18.8mA 
–  defocusing current: -100mA,  
–  oscillation of electron beam by generation of sine 
course  with  90˚  phase  shift,  4V  amplitude  and 
21Hz frequency 
–  number of passes: 1 to 5 
Acceleration  voltage  (60kV),  electron  beam 
current,  (18.8mA),  focussing  current  570mA  and 
defocusing –100mA were set on the same level for all 
specimens  with  postheat  and  at  all  passes.  The 
postheat was used after welding the specimens No. 5, 
6, 7, 9, 10, 11, 12. The number of passes and weld 
heat input are given in the table of postheat (Tab. 4). 
Heat  input  supplied  to  the  weld  linearly 
increases with addition of annealing passes from the 
value 3.525 kJ.cm
-1 (1 pass) to the value 9.9125 kJ.cm
-1 
(5 passes).  
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Tab. 3             
Welding parameters 
N
o
m
i
n
a
l
 
h
e
a
t
 
i
n
p
u
t
 
Q
 
(
k
J
.
c
m
-
1
)
 
2
,
1
1
5
 
2
,
8
7
2
 
3
,
6
1
5
 
2
,
8
7
2
 
3
,
6
1
5
 
2
,
1
1
5
+
p
o
s
t
h
e
a
t
 
2
,
8
7
2
+
p
o
s
t
h
e
a
t
 
2
,
8
7
2
+
p
o
s
t
h
e
a
t
 
2
,
8
7
2
 
2
,
1
1
5
+
p
o
s
t
h
e
a
t
 
2
,
1
1
5
+
p
o
s
t
h
e
a
t
 
2
,
1
1
5
+
p
o
s
t
h
e
a
t
 
2
,
1
1
5
+
p
o
s
t
h
e
a
t
 
P
M
 
n
o
 
n
o
 
n
o
 
n
o
 
n
o
 
n
o
 
n
o
 
n
o
 
y
e
s
 
n
o
 
n
o
 
n
o
 
n
o
 
V
a
c
u
u
m
 
c
a
n
o
n
 
[
P
a
]
 
 
 
 
 
 
 
 
 
<
5
.
1
0
-
4
 
W
o
r
k
.
 
v
a
c
u
u
m
 
c
h
a
m
b
e
r
 
[
P
a
]
 
 
 
 
 
 
 
 
 
<
5
.
1
0
-
2
 
P
o
s
t
h
e
a
t
 
n
o
t
 
n
o
t
 
n
o
t
 
n
o
t
 
n
o
t
 
y
e
s
 
y
e
s
 
y
e
s
 
n
o
t
 
y
e
s
 
y
e
s
 
y
e
s
 
y
e
s
 
N
o
.
 
o
f
 
p
a
s
s
e
s
 
1
 
1
 
1
 
1
 
1
 
1
+
p
o
s
t
h
e
a
t
 
1
+
p
o
s
t
h
e
a
t
 
1
+
p
o
s
t
h
e
a
t
 
1
 
1
+
p
o
s
t
h
e
a
t
 
1
+
p
o
s
t
h
e
a
t
 
1
+
p
o
s
t
h
e
a
t
 
1
+
p
o
s
t
h
e
a
t
 
W
o
r
k
 
d
i
s
t
a
n
c
e
 
(
m
m
)
 
 
 
 
 
 
 
 
 
 
2
1
4
 
 
V
z
v
 
(
m
m
.
s
-
1
)
 
 
 
 
 
 
 
 
8
 
 
O
s
c
i
l
l
a
t
i
o
n
 
a
m
p
 
 
(
V
)
 
–
 
–
 
–
 
2
 
4
 
–
 
–
 
2
 
–
 
–
 
–
 
2
 
–
 
I
d
e
f
 
 
 
 
(
m
A
)
 
0
 
–
1
0
 
–
2
0
 
0
 
0
 
0
 
–
1
0
 
0
 
–
1
0
 
0
 
–
1
0
 
0
 
–
1
0
 
I
f
o
k
 
(
m
A
)
 
 
 
 
 
 
 
 
5
7
0
 
 
I
z
v
 
(
m
A
)
 
2
8
,
2
 
3
8
,
3
 
4
8
,
2
 
3
8
,
8
 
4
8
,
8
 
2
8
,
2
 
3
8
,
8
 
3
8
,
8
 
3
8
,
8
 
2
8
,
2
 
2
8
,
2
 
2
8
,
2
 
2
8
,
2
 
U
z
v
 
(
k
V
)
 
 
 
 
 
 
 
 
6
0
 
S
p
e
c
i
m
e
n
 
0
 
1
 
2
 
3
 
4
 
5
 
6
 
7
 
8
 
9
 
1
0
 
1
1
 
1
2
 
  
Materials Engineering, Vol. 16, 2009, No. 1 
 
 
4 
Tab. 4                
Postheat parameters, heat input 
Postheat parameters 
Specimen 
No. 
Uzv 
(kV) 
Izv 
(mA) 
Vzv 
(mm.s
-1) 
Ifok 
(mA) 
Idef 
(mA) 
Number of 
passes 
Qd  –  with preheat 
(kJ.cm
-1) 
5   
 
 
60 
 
 
 
 
18,8 
 
 
 
 
8 
 
 
 
 
570 
 
 
–100 
(470) 
5  9,165 
6  5  9,9225 
7  5  9,9225 
9  1  3,525 
10  2  4,935 
11  3  6,345 
12  4  7,755 
 
The  weld  passes  of  specimens  No.  6  and  7 
were  performed  at  higher  value  of  electron  beam 
current –  38.8mA, thus the total heat input of those 
specimens (weld heat input + heat input of postheat) 
attained  the  highest  value  of    9.9225  kJ.cm
-1.  By 
previous  experience  with  welding  duplex  steel  type 
SAF  2205  it  was  found  out  that  the  maximum 
allowable  heat  input  was  25  kJ.cm
-1,  whereas  the 
value 
 9.9225 kJ.cm
-1 is below this limit value.  
 
 
Fig. 1. Dependence of heat input on the number 
of annealing passes 
 
3.  Attained results and discussion 
Measurement of ferrite proportion in welded 
joints fabricated with electron beam 
Measurement of ferrite proportion in all 13 types 
of weld joint specimens was performed by the ferrite 
gauge type FEROSCOPE MP 30 from Fisher. This 
instrument works on principle of magnetic induction, 
where the ferrite volume is determined on the basis of 
magnetic permeability. The instrument was calibrated 
prior to measurement on an etalon with 50% ferrite. 
Ferrite volume in per cents was determined in 
the  base  metal  and  also  in  weld  metal  on  all  13 
specimens by two methods:  
1.  spot method, in four discrete spots in weld metal 
and in three spots in the base metal and by  
2.  a  continual  measurement  of  course  along  and 
across the weld joint axis, where only maximum 
value from the changing values was recorded on 
the axis measured.  
The results of average ferrite value measure-
ments  performed  by  the  first  method  is  shown  in 
Fig. 2.  The  results  from  continual  measurement  are 
given in Fig. 3. 
The mentioned measurements have shown that 
the individual specimens mutually differed in ferrite 
%.  The  average  ferrite  volume  in  BM  and  in  weld 
metal is shown in Fig. 3. From the shown results it 
follows  that  the  highest  average  ferrite  volume  in 
weld  metal,  namely  63.7  %  was  measured  in 
specimen No. 2, welded without postheat. The lowest 
ferrite  volume,  namely  47  %  was  measured  in 
specimen  No.5  welded  with  the  postheat  and  five 
passes.  The  difference  between  maximum  and 
minimum  average  ferrite  content  is  16.7%.  The 
average  ferrite  contents  in  weld  metal  correspond 
with the measured ferrite % in base metal. The ferrite 
% in weld metal was in all cases higher than in the 
base metal. 
Besides the average  ferrite  volume,  which is 
the  result  of  measurement  on  three  points  of  base 
metal  and  on  four  points  in  weld  metal  we  have 
performed also the ferrite % measurement by the so-
called  continual  method.  By  a  continuous  travel  of 
measuring probe along and across the weld metal it 
was possible to check continuously the changing % of 
ferrite  volume.  From  that  spectrum  of  values  we 
recorded the maximum values which are shown in a 
graph in Fig. 3.  
Materials Engineering, Vol. 16, 2009, No. 1   
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Fig. .2 Average value of % ferrite 
•  - in base metal (average from three measurements) 
  -  in weld metal (average of 4 measurement) 
 
 
Fig. 3. Max % ferrite in weld metal 
•  - values along the weld axis, 
  – values in normal direction of weld axis 
 
Fig.  3  shows  that  the  highest  ferrite  %  was 
measured in specimen No. 2, namely 67.2% in cross 
section direction and 67.7% along the weld axis. The 
lowest maximum values were measured on specimen 
No.  5,  namely  50.3%  in  cross  direction  and 52.1% 
along  the  weld  axis.  From  comparison  of  the 
maximum  and  minimum  values  it  follows  that  by 
changing  the  welding  parameters  and  postheat 
application  it  was  possible  to  reduce  the  maximum 
values of ferrite % by 17 % in cross direction and by 
16 % along the weld axis.  
Fig. 4 shows the comparison of maximum and 
average values of ferrite %. This concerns the compa- 
 
Fig. 4. Comparison of max. and average ferrite % in 
weld metal of specimens 
♦- average values,   ■ – maximum values 
 
rison  of  results  from the spot and  continual  method 
of  ferrite  proportion  measurement.  The  figure  thus 
confirms  surprisingly  good  agreement  of  results 
measured.   
The levels of postheat and the measured max. 
ferrite % in the direction along and across weld axis 
are given in Table 5. The specimens No. 5, 6, 7, 9, 10, 
11, 12 were welded with postheat of 9.9225, 9.165, 
7.755, 6.345, 4.935 and 3.525 kJ/cm 
 
Study of structure of welded joints  
Microstructural observations of welded joints 
were performed by use of light microscopy (LM). Fig. 
5a shows the microstructure of weld metal (WM) of 
reference specimen 0, welded without additional heat 
effect of weld metal. The WM matrix was formed of 
ferrite  with  a  pronounced  precipitation.  Along  the 
boundaries of columnar grains a precipitated austenite 
can  be  observed.  The  grain  attained  partially 
polyhedral  character  in  the  central  and  root  part  of 
WM.  Fig.  5b  shows  the  HAZ  microstructure  of 
specimen 0. The precipitation continuing also in the 
HAZ 5 is  evident from the figure. Markedly etched 
ferrite boundaries in the HAZ may characterize also 
the  presence  of  secondary  precipitated  phases.  No 
pronounced  etching  was  observed  with  austenite 
boundaries, these are without presence of secondary 
precipitated phases. 
Specimen No.  5  6  7  9  10  11  12 
Postheat (kJ/cm)  9.165  9.9225  9.9225  3.525  4.935  6.345  7.755 
Ferrite % across weld  50.3  52.6  54.3  62.3  61.2  51.6  49.6 
Ferrite % in weld axis  52.1  52.7  53.9  61.7  59.7  52.3  50.9 
Tab. 5 
Comparison of postheat level and the measured ferrite %  
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a)  
 
 
 
 
 
 
 
 
b) 
Fig.  5. Microstructure of a) weld metal and b) the 
HAZ of specimen No. 0 
 
Microstructure  of  specimen  No. 5,  welded 
with postheat (9.165 kJ/cm), can be shown in Fig. 6. 
Structure coarsening was observed in the weld metal 
(Fig. 6a). Also typical columnar ferrite grains can be 
observed  along  the  boundaries  with  precipitated 
austenite, which had partially dendritic character and 
in  some  zones  also  acicular  morphology  was 
observed. The grain refining was observed in some 
central  and  root  part  of  WM,  which  attained  a 
polyhedral character. The matrix is formed of ferrite 
and  austenite  and  forms  a  network  along  the  grain 
boundaries. Austenite is precipitated also inside the 
ferritic grains in form of massive particles.  
The  volume  of  ferrite  was  estimated  also 
metallographically.  The  average  ferrite  volume  in 
reference  specimen  No 0.  was  96 ± 1 %  and  in 
specimen No. 5 (welded with postheat 9.165 kJ/cm) 
was  51 ± 3 %.  These  measurements  certified  the 
results  recieved  from  the  ferrite  gauge  type 
FEROSCOPE MP 30.  
For  further  studies,  electron  scanning 
microscope (SEM) type JEOL 5310 (working with 20 
kV  acceleration  voltage   )  was  used.  The  energy  – 
dispersion X-ray analysis (EDX), was performed on 
spectrometer  type  Kevex  Delta  Class  IV.  These 
observations were performed only on specimen No. 5 
with  the  lowest  ferrite  content  and  on  a  reference 
sample  No.   0.  The  analysis  was  performed  on  20 
points across the welded joint.  
 
 
 
a) 
 
 
a) 
 a) 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
c) 
Fig. 6. Microstructure of specimen No. 5 
a)  weld metal  b) the HAZ  c) base metal        
 
 
 
 
 
Fig. 7. Welded joint fabricated with electron beam, 
Specimen No. 0 (SEM) 
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Fig. 8. Line analysis across weld joint, EDX 
 
The EDX analysis (Figs. 8 and 10) has proved 
that no anomalies occurred, neither in the chemical 
composition of weld metal nor in the HAZ. Thus, the 
effect  of  dilution  or  concentration  change  of  some 
element on the change in its properties was excluded.  
 
 
 
Fig. 10. Line analysis across the weld joint, EDX  
 
metal.  The  lowest  hardness  was  found  out  in  the 
specimens  No.  5,  6,  7,  12.The  measured  values  of 
weld metal hardness in these specimens varied around 
the base metal hardness value, what corresponds to 
the fact that in case of these specimens, the lowest 
proportional  volume  of  ferrite  in  weld  metal  was 
measured by use of both measurement methods.  The 
found  out  difference  in  weld  metal  hardness  in 
reference  specimen  No.  0  and  the  specimen  No. 5 
welded with postheat (9.65 kJ/cm) was 52 HV, what 
represents the hardness drop by 17.8 %.  
 
Fig. 9. Welded joint fabricated with electron beam, 
Specimen No. 5 (SEM) 
 
Hardness measurement 
Measurement of HV 30 microhardness was 
performed  by  Vickers  method  under  usual 
conditions on all three types of specimens. In graph 
shown in Fig. 11 there are graphically processed the 
measured results of hardness measurement and their 
comparison  with  hardness  of  base  metal.  The 
hardness of weld metal is naturally higher than that 
of  base  metal.  This  difference  in  case  of  duplex 
steels  welded  by  beam  technologies  is  caused  by 
high  cooling  rate  connected  with  formation  of 
higher proportional volume of hard ferrite and the 
lowered toughness of weld metal. 
This  phenomenon  can  be  most  markedly 
observed  in  case  of  specimen  No.  0,  which  was 
considered for the reference specimen and on which 
no  any  additional  heat  treatment  was  performed 
with  the  aim  to  reduce  the  ferrite content in weld  
Fig. 11. Hardness of weld metal (WM) and 
of base metal (BM) 
 
4. Conclusions 
Based  on  the  experiments  performed  on 
electron  beam  welded  joints  fabricated  in  duplex 
stainless  steel  type  SANMAC  SAF  2205,  the 
following can be stated: 
-  13 types of welded joints fabricated by electron 
beam  were  prepared.  The  joints  mutually 
differed in application of postheat with varying 
heat input and in welding parameters applied, 
-  The results of ferrite % measurement in weld 
metal  and  in  base  metal  performed  by 
application of  FEROSCOPE MP 30 instrument  
Materials Engineering, Vol. 16, 2009, No. 1 
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allowed to determine the ferrite % in individual 
welded joints. It was proved, that application of 
suitable postheat  made possible to reduce the 
ferrite content in weld metal even by 16 %, 
-  The volume of heat input introduced at postheat 
also affects the ferrite % in weld metal. Most 
suitable in this respect seems to be the postheat 
with heat input volume varying from 6.345 to 
9.165 kJ/cm. 
-  The  welded  joints  were  assessed  from  the 
viewpoint of soundness and joint shape. In no 
case  the  defects  like  cracks  or  pores  were 
observed. In several cases root overrunning was 
observed.   
-  Detailed  microscopic  studies  were  performed 
on  welded  joints  by  use  of  light  microscopy. 
The structure of reference weld metal consisted 
of  columnar  ferrite  grains  with  austenite 
precipitated  on  the  grain  boundaries.    In 
specimens  welded  with  postheat  application, 
the grain refining and precipitation of austenite 
also  inside  ferritic  particles  occurred.  A 
coarsened structure was observed on the surface 
of  those  welds,  caused  by  multiple  beam 
passing during the postheat of welds.  
-  The  EDX  analysis  of  reference  welded  joint 
and  the  joint  with  the  lowest  proportional 
volume  of  ferrite  has  shown  an  identical 
uniform  distribution  of  elements  across  the 
welded joint.  
-  The hardness measurements have shown some 
drop in weld metal hardness in the specimens 
welded with postheat. In case of specimen with 
the lowest volume proportion of ferrite, welded 
with  the  postheat  (9.165  kJ/cm),  this  drop 
represented 17.8 %.  
-  The  heat  input  introduced  by  the  controlled 
postheat,  applied  after  welding,  enabled  to 
affect the proportional volume of ferrite in weld 
metal, what would be exerted in hardness drop,  
-  The  ferrite  volume  in  welded  joint  also 
considerably affects the corrosion resistance of 
welded joint, therefore it would be necessary to 
direct  the  program  of  experiments  in  this 
direction  in  the  future.  More  detailed 
metallographical  studies  could  also  contribute 
to  a  deeper    understanding  of  weld  metal 
behaviour during the solidification phase. 
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